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ABSTRACT We showed previously that during the HIV/AIDS epidemic, the envelope
glycoprotein (Env) of HIV-1, and in particular, the gp120 subunit, evolved toward an
increased resistance to neutralizing antibodies at a population level. Here, we con-
sidered whether the antigenic evolution of the HIV-1 Env is associated with modifi-
cations of its functional properties, focusing on cell entry efficacy and interactions
with the receptor and coreceptors. We tested the infectivity of a panel of Env-
pseudotyped viruses derived from patients infected by subtype B viruses at three
periods of the epidemic (1987 to 1991, 1996 to 2000, and 2006 to 2010). Pseu-
dotyped viruses harboring Env from patients infected during the most recent period
were approximately 10-fold more infectious in cell culture than those from patients
infected at the beginning of the epidemic. This was associated with faster viral entry
kinetics: contemporary viruses entered target cells approximately twice as fast as his-
torical viruses. Contemporary viruses were also twice as resistant as historical viruses
to the fusion inhibitor enfuvirtide. Resistance to enfuvirtide correlated with a resis-
tance to CCR5 antagonists, suggesting that contemporary viruses expanded their
CCR5 usage efficiency. Viruses were equally captured by DC-SIGN, but after binding
to DC-SIGN, contemporary viruses infected target cells more efficiently than histori-
cal viruses. Thus, we report evidence that the infectious properties of the envelope
glycoprotein of HIV-1 increased during the course of the epidemic. It is plausible
that these changes affected viral fitness during the transmission process and might
have contributed to an increasing virulence of HIV-1.

IMPORTANCE Following primary infection by HIV-1, neutralizing antibodies (NAbs)
exert selective pressure on the HIV-1 envelope glycoprotein (Env), driving the evolu-
tion of the viral population. Previous studies suggested that, as a consequence, Env
has evolved at the HIV species level since the start of the epidemic so as to display
greater resistance to NAbs. Here, we investigated whether the antigenic evolution of
the HIV-1 Env is associated with modifications of its functional properties, focusing
on cell entry efficacy and interactions with the receptor and coreceptors. Our data
provide evidence that the infectious properties of the HIV-1 Env increased during
the course of the epidemic. These changes may have contributed to increasing viru-
lence of HIV-1 and an optimization of transmission between individuals.
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Following primary infection with human immunodeficiency virus type 1 (HIV-1), most
patients develop autologous neutralizing antibodies (NAbs) directed against the

gp120 and gp41 subunits of the viral envelope glycoprotein (Env) (1–6). These anti-
bodies exert selective pressure, leading to the rapid emergence of escape Env variants
and diversification of the viral population (1, 2, 7–9). HIV-1 escape from autologous
neutralization involves numerous molecular mechanisms, including single amino acid
substitutions, insertions/deletions, and modifications of potential N-linked glycosyla-
tion sites at the viral surface (2, 7, 8, 10, 11). During sexual transmission, a single
transmitted/founder virus among the numerous viral variants present in the donor is
transmitted most often, resulting in a substantial genetic bottleneck (12–15). There is
preferential transmission of ancestral variants over contemporary variants circulating in
the transmitting partner (16, 17), and this is expected to constrain the viral diversity at
the population level, at least to some extent. Nevertheless, the evolution and spread of
HIV-1 in the human population during 30 years of epidemics have led to considerable
diversity (18). We and others reported evidence that the increasing diversity of the
HIV-1 species has been accompanied by a drift toward increased resistance to neutral-
ization over the course of the epidemic (19–23). Using a large panel of monoclonal
NAbs, we showed that this antigenic evolution affects gp120 but not gp41 (20–23). In
addition, we observed that for subtype B viruses, almost all of the major identified
neutralization sites of gp120 were affected, suggesting that gp120 as a whole has
progressively evolved in less than three decades (21). Interestingly, recent papers
suggest that the virulence of HIV-1, estimated from the CD4 cell count at the time of
primary infection and the subsequent viral set point, has increased over time, suggest-
ing a progressive adaptation of the HIV-1 species to its human host (24–26). Here, we
investigated whether the antigenic evolution of the HIV-1 Env is associated with
modifications of its functional properties, focusing on cell entry efficacy and interac-
tions with the receptor and coreceptors, properties which could impact viral fitness
during the transmission process and contribute to the potential increasing virulence of
HIV-1.

RESULTS
Population studied. The HIV-1 population that we studied was described previ-

ously (20); it was derived from 40 infected patients enrolled at the time of primary
infection in the ANRS SEROCO and PRIMO cohorts (27, 28) during three periods of the
French epidemic: between 1987 and 1991 (historical patients [HP], n � 11), 1996 and
2000 (intermediate patients [IP], n � 15), and 2006 and 2010 (contemporary patients
[CP], n � 14). They were carefully selected to be comparable for each period in the
following way: all patients were Caucasian men having sex with men (MSM), infected
by clade B viruses. They had similar distributions of viral loads (median values of 5.0, 5.1,
and 5.2 log10 copies/ml for HP, IP, and CP, respectively) and similar distributions of CD4
T-cell counts (median values of 507, 619, and 571 cells/mm3 for HP, IP, and CP,
respectively) at time of sample collection (20). Blood samples were collected shortly
after infection (before 3 months postinfection, except for a few cases) (20); the variants
that we analyzed were therefore considered early/transmitted viruses.

Env pseudotypes exhibit increasing infectivity. Pseudotyped viruses expressing
envelope glycoprotein (Env) variants representative of the viral quasispecies infecting
each patient were generated by cotransfecting 293T cells with an env-deleted NL4-3
backbone plasmid and patient-derived env libraries (20). Infectious pseudoviruses were
obtained for 11 to 15 patients from each of the three periods.

We investigated the capacity of HP, IP, and CP Env pseudotypes to infect TZM-bl
cells and primary stimulated CD8-depleted peripheral blood mononuclear cells (PBMCs)
in a single round of infection. The infectivity level of each pseudotyped virus, whose
inputs were normalized to the p24 amounts (100 ng), was evaluated 48 h postinfection
by measuring the luciferase activity (relative light units [RLU]). The results showed an
increasing infectivity of approximately 10-fold in both cell types over the course of the
epidemic (Fig. 1A and B). In TZM-bl cells, the median RLU increased from 9.3 � 104 for
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HP to 9.5 � 105 for IP and remained stable for CP (9.0 � 105) (P � 0.04) (Fig. 1A).
Similarly, in PBMCs, the median RLU increased from 3.1 � 102 for HP to 2.5 � 103 for IP
and remained stable for CP (2.1 � 103) (P � 0.01) (Fig. 1B). Although the luciferase
activity levels were higher in TZM-bl cells than in PBMCs, there was good correlation
between the cell types (r � 0.91; P � 0.0001) (Fig. 1C).

Given that Env pseudotypes were generated in an NL4-3 background, the interplay
between the cytoplasmic tails of gp41 and their matching matrix proteins was disabled,
possibly affecting Env incorporation. We therefore analyzed the gp120 content of each
virus. Pseudotyped viruses were pelleted from viral supernatants of transfected 293T

FIG 1 Infectivity, entry kinetics, and sensitivity to enfuvirtide of Env-pseudotyped viruses. Infectivity of Env-pseudotyped viruses derived from historical patients
(HP; n � 11), intermediate patients (IP; n � 15), and contemporary patients (CP; n � 14) in TZM-bl cells (A) and in CD8-depleted PBMCs (B). The infectivity of
each 293T-cell-derived pseudotyped virus, with inputs normalized for amount of p24, was evaluated 48 h postinfection by assaying luciferase activity (reported
as relative luminescence units [RLU]). Scatter dot plots show the distributions of infectivity values for pseudotypes of each period, expressed as RLU per 100 ng
of p24. (C) Correlation between infectivity values in TZM-bl cells and CD8-depleted PBMCs. (D) Comparison of Env contents of pseudotypes derived from HP,
IP, and CP. Scatter dot plots show the distributions of Env content measured as the gp120/p24 ratio. Comparison of infectivity of Env pseudotypes from HP,
IP, and CP in TZM-bl cells (E) and CD8-depleted PBMCs (F) after normalization for Env content (1 ng) by dividing the infectivity RLU values (measure of infectivity)
by the gp120/p24 ratio. Scatter dot plots show the distributions of infectivity values for pseudotypes of each period, expressed as RLU per 1 ng of Env. (G)
Comparison of entry kinetics of Env-pseudotyped viruses from HP, IP, and CP. Env pseudotypes were added to TZM-bl cells on ice. Cells were spinoculated at
4°C to facilitate binding of viruses, and then cold medium was replaced by prewarmed medium. Saturating concentrations of ENF were then added at various
times (0, 5, 10, 20, 40, 80, and 160 min), and infectivity was evaluated 72 h later by measuring luciferase activity (RLU). Scatter dot plots show the distributions
of entry kinetic values for pseudotypes of each period, expressed as the time for half-max entry. (H) Comparison of ENF sensitivity of Env-pseudotyped viruses
derived from HP, IP, and CP. Scatter dot plots show the distributions of IC50s of ENF for pseudotypes of each period. (I) Correlation between ENF sensitivities
and entry kinetics. Differences between viruses over calendar time were evaluated using a Jonckheere-Terpstra test.
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cells by centrifugation through a sucrose cushion, and virion-associated gp120 levels
were quantified by enzyme-linked immunosorbent assay (ELISA). The gp120 levels
differed between pseudotyped viruses of each single period but not significantly
between periods (gp120/p24 ratios ranging from 0.03% to 3.97% for HP, 0.08% to
3.97% for IP, and 0.03% to 3.42% for CP; P � 0.71) (Fig. 1D). Knowing the Env content
for each virus, we then assessed the infectivity of HP, IP, and CP pseudotypes normal-
ized for Env content (1 ng) by dividing the RLU values by the gp120/p24 ratios. By this
measure, infectivity increased progressively from HP to CP, both in TZM-bl cells (median
RLU of 1.1 � 105, 5.8 � 105, and 7.8 � 105 for HP, IP, and CP, respectively; P � 0.006)
(Fig. 1E) and in PBMCs (median RLU of 4.2 � 102, 2.0 � 103, and 4.1 � 103 for HP, IP, and
CP, respectively; P � 0.002) (Fig. 1F). This indicates that the increasing infectivity of Env
pseudotypes over time was linked to an intrinsic property of their Env glycoproteins
and not to a potential artifactual increase in the Env content over time due to
unmatched gp41 cytoplasmic tails and matrix proteins.

Env pseudotypes exhibit increasing entry kinetics and enfuvirtide resistance.
We then asked whether the increasing infectivity was associated with faster entry
kinetics. We used a time-of-addition experiment with saturating concentrations of the
fusion inhibitor enfuvirtide (ENF), as previously described (29). As ENF is not membrane
permeative, the time to ENF escape reflects the entry rate of the virus into the cells. HP,
IP, and CP Env pseudotypes were added to TZM-bl cells on ice, followed by spinocu-
lation at 4°C to facilitate binding of viruses. Then cold medium was replaced by
prewarmed medium, and saturating concentrations of ENF were added at 0, 5, 10, 20,
40, 80, and 160 min. Infectivity was evaluated 72 h later by measuring luciferase activity.
The median times for half-max entry (t1/2max) decreased progressively from HP to CP
(median t1/2maxs of 123.4, 108.1, and 74.2 min for HP, IP, and CP, respectively;
P � 0.0006), suggesting that the rate of viral entry increased over time (Fig. 1G).

Resistance to ENF also increased from HP to CP (median 50% infective concentra-
tions [IC50s] of 0.12, 0.14, and 0.20 �g/ml for HP, IP, and CP, respectively; P � 0.02) (Fig.
1H); however, none of the known mutations associated with resistance to ENF was
present in the HR1 regions of our 40 viruses (30), and there was no specific sequence
difference for this region between viruses of the three periods (Fig. 2). ENF binds to the
HR1 domain of gp41, which becomes exposed after CD4/coreceptor engagement.
Therefore, the sensitivity to ENF may reflect the CD4/coreceptor usage efficiency and/or
the kinetics of conformational changes in Env that drive the membrane fusion reaction
(31). This was further supported by a statistically significant inverse correlation between
time to half-max entry and resistance to ENF (Fig. 1I).

Contemporary variants are more resistant to CCR5 antagonists than historical
variants. We assessed the efficiency of CCR5 usage of the HP, IP, and CP pseudotyped

viruses to investigate whether the increasing resistance to ENF over time was related to
a better use of the coreceptor, reducing the window period during which Env is
sensitive to ENF. We first determined tropism by measuring the ability of the viruses to
infect CD4�/U373 MAGI cells expressing either the CXCR4 or CCR5 coreceptor (32). All
except two viruses infected exclusively CD4�/CCR5�/U373 cells (CD4�/CCR5�/U373
versus CD4�/CXCR4�/U373 RLU ratios �99%). The two other viruses (1 HP and 1 CP)
were dual tropic (CD4�/CCR5�/U373 versus CD4�/CXCR4�/U373 RLU ratios of 64% and
51%, respectively). We infected TZM-bl cells with each R5 virus in the presence of
various concentrations of the CCR5 antagonists TAK-779 or maraviroc (MVC). The MVC
and TAK-779 IC50 values were highly correlated (r � �0.801, P � 0.0001) and did not
differ between HP, IP, and CP R5 viruses (Fig. 3A to C). However, in the presence of
saturating concentrations of MVC or TAK-779 (6 �M), the maximal percent inhibition
(MPI) values tended to be lower for CP than for other viruses (median MVC MPIs 79.35%
for CP versus 89.10% and 90.35% for HP and IP, respectively; P value, not significant
[NS]; median TAK-779 MPIs 69.00% for CP versus 80.55% and 83.80% for HP and IP,
respectively; P � 0.08) (Fig. 3D and E). Again, MVC and TAK MPI values were highly
correlated (r � �0.869, P � 0.0001) (Fig. 3F).
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Affinofile cells expressing high levels of CCR5 can detect partial resistance to CCR5
antagonists with greater sensitivity than the other commonly used cell lines (33–36).
We therefore examined the sensitivity of our pseudotyped viruses to TAK-779 on
Affinofile cells expressing a high level of CCR5. Ponasterone A (PonA) treatment
increased the overall expression of CCR5 on Affinofile cells from 788 to 50,178 antibody
binding sites (ABS) per cell. For comparison, there were 19,032 ABS per TZM-bl cell,
which was �2.6 times lower than on maximally induced Affinofile cells. To confirm that

FIG 2 Alignment of the gp41 HR1 regions of the 40 env sequences from historical (HP), intermediate (IP), and contemporary (CP)
patients with the HXB2 reference sequence. Identical residues are represented by dots. Residues G36, I37, V38, Q39, Q40, N42, and N43,
whose mutations G36D/S, I37V, V38A/M/E, Q39R, Q40H, N42T, and N43D, respectively, have been shown to be associated with
resistance to enfuvirtide, are highlighted in yellow.
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FIG 3 Sensitivity to CCR5 antagonists. Comparison of maraviroc (MVC) (A and D) and TAK-779 (B and E) sensitivity of Env-pseudotyped viruses derived from
historical patients (HP; n � 10), intermediate patients (IP; n � 15), and contemporary patients (CP; n � 13) in TZM-bl cells. Scatter dot plots show the
distributions of MVC and TAK-779 IC50s (A and B) and maximal percent inhibition (MPI) values (D and E) for pseudotypes of each period. (C) Correlation between
MVC and TAK-779 IC50s. (F) Correlation between MVC and TAK-779 MPIs. (G) Comparison of TAK-779 MPIs in Affinofile cells in the presence of 6 �M or 12 �M
of TAK-779. A panel of 15 pseudotyped viruses (5 HP, 5 IP, and 5 CP) that presented a range of sensitivities to this inhibitor was used to confirm that the
concentration of TAK-779 was saturating. There was no difference in inhibition of infection between 6 �M and 12 �M, indicating that 6 �M was saturating in
Affinofile cells expressing a high level of CCR5 (P � 0.50 by paired t test). (H) Comparison of TAK-779 sensitivity of Env-pseudotyped viruses derived from HP,
IP, and CP in Affinofile cells. Scatter dot plots show the distributions of TAK-779 MPI values for pseudotypes of each period. Differences between viruses over
calendar time were evaluated using a Jonckheere-Terpstra test. (I) Correlation between enfuvirtide IC50s and TAK-779 MPIs. Comparison of infectivity of Env
pseudotypes from HP, IP, and CP in Affinofile cells expressing low levels (J) or high levels (K) of CCR5, after normalization for Env content (1 ng).
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6 �M of TAK-779 was saturating on Affinofile cells at the highest expression level
of CCR5, we assessed the differences of MPIs in the presence of 6 �M and 18 �M of
TAK-779 using a panel of 15 viruses (5 HP, 5 IP, and 5 CP) with a broad range of
sensitivities to this inhibitor. The data showed that 6 �M was saturating and that further
increases in TAK-779 concentrations did not have any additional effect (P � 0.50 by
paired t test) (Fig. 3G). Affinofile cells expressing high levels of CCR5 were infected with
each of the 38 R5 viruses in the presence or absence of 6 �M TAK-779. Consistent with
previous studies (33–35), lower MPIs were observed in Affinofile cells than in cells that
comparatively express lower levels of CCR5 (median TAK-779 MPIs of 50.55% in
Affinofile cells versus 82.15% in TZM-bl cells). The higher resistance to TAK-779 of CP
than of the other viruses observed in TZM-bl cells was more pronounced and was
statistically significant in Affinofile cells (median TAK-779 MPIs of 36.40% for CP versus
55.25% and 54.63% for HP and IP, respectively; P � 0.03) (Fig. 3H). Taken together, these
results showed that the most recent viruses were more resistant than older viruses to
CCR5 antagonists, suggesting a greater plasticity of their Env to engage the CCR5
coreceptor. Interestingly, there was a significant inverse correlation between TAK-779
MPIs in Affinofile cells and ENF IC50 values in TZM-bl cells (r � �0.337, P � 0.04) (Fig. 3I).
Possibly, increasing viral resistance to ENF over the course of the epidemic was related
to expanded CCR5 usage efficiency. Nevertheless, no statistically significant correlation
was observed between infectivity in PBMCs and resistance to ENF in TZM-bl cells
(P � 0.36) or TAK-779 MPIs in Affinofile cells expressing high levels of CCR5 (P � 0.12),
suggesting that decreasing sensitivity to ENF and CCR5 inhibitors was not the only
factor involved in increasing the infectivity of viruses over time.

To further explore the relevance of our observations, we next investigated the
capacity of HP, IP, and CP pseudotyped viruses to infect Affinofile cells expressing low
or high levels of CCR5. In Affinofile cells with low densities of CCR5, the median RLU
increased from 3.0 � 103 for HP to 1.3 � 104 for IP and remained stable for CP
(1.1 � 104) (P � 0.03) (Fig. 3J). In Affinofile cells expressing high levels of CCR5, lucif-
erase activity levels were higher; the median RLU increased progressively from HP to CP
(median RLU of 9.9 � 103, 2.1 � 104, and 3.8 � 105 for HP, IP, and CP, respectively), and
this evolution became more statistically significant (P � 0.01) (Fig. 3K), suggesting again
a more promiscuous use of CCR5 by CP under these conditions.

Env pseudotypes do not differ in their sensitivity to soluble CD4 but exhibit
increasing resistance to a CD4 mimetic miniprotein. We compared CD4 receptor
usage of the HP, IP, and CP pseudotyped viruses through their sensitivity to CD4
analogs. Using two soluble forms of CD4, containing either all four (sCD4) or the first
two (sCD4-183) extracellular domains, we found no statistically significant differences in
the IC50 ranges between HP, IP, and CP viruses (Fig. 4A and B). In contrast, resistance
to M48U1, a CD4 mimetic miniprotein (miniCD4) (37, 38), increased from HP to CP
viruses (median IC50s of 0.005, 0.01, and 0.06 �g/ml for HP, IP and CP pseudotypes,

FIG 4 Sensitivity to CD4 inhibitors. Sensitivity of Env-pseudotyped viruses derived from historical patients (HP; n � 11), intermediate patients (IP; n � 15), and
contemporary patients (CP; n � 14) to sCD4-183 (A), sCD4 (B), and M48U1 (C). Scatter dot plots show the distributions of IC50 values of each inhibitor for
pseudotyped viruses of each period. Differences between viruses over calendar time were evaluated using a Jonckheere-Terpstra test.
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respectively; P � 0.002) (Fig. 4C). These detuned results may be explained by the fact
that M48U1, by its flexible hydrophobic extensions, reaches deep into the gp120
Phe-43 cavity and interacts with residues that do not contact CD4 (38). This suggests
that there has been evolution of the Phe-43 cavity leading to the diminishing sensitivity
to M48U1.

Env pseudotypes bind equally to DC-SIGN, but contemporary variants are
more efficiently transferred to target cells. HIV-1 binds and utilizes DC-SIGN, a C-type
lectin expressed by dendritic cells, to promote infection of T-cells in trans (39–42).
Raji/DC-SIGN cells were used to assess the binding of HP, IP, and CP viruses to DC-SIGN
and their transfer to target TZM-bl cells. We found no difference in the capacity of HP,
IP, and CP pseudotypes to bind to DC-SIGN (Fig. 5A). In contrast, although the data
were not statistically significant, the DC–SIGN-mediated infection of TZM-bl cells
tended to increase progressively from the HP to CP (median RLU of 10,313, 21,206, and
26,044 for HP, IP, and CP, respectively; P � 0.07) (Fig. 5B). DC–SIGN-mediated infection
of TZM-bl cells and cell-free infection of TZM-bl cells were strongly correlated
(r � 0.748, P � 0.0001) (Fig. 5C). There is thus no evidence that the increasing capacity
of viruses to be transferred to target cells after binding to DC-SIGN over the course of
the epidemic was due to increasing DC-SIGN binding; the change appears to involve
subsequent events of the viral entry step.

The increased infectious properties of Env pseudotypes are associated with the
diversification of env sequences. Full-length env nucleotidic sequences of the early/
transmitted viral population infecting each subject were previously obtained by direct
sequencing from bulk env PCR products (20). The deduced amino acid Env sequences
from HP, IP, and CP were compared to try to detect residues that could explain the
increasing infectious properties of viruses. However, using several analysis tools from
the HIV sequence database, such as VESPA or AnalyzeAlign (http://www.hiv.lanl.gov/),
no signature was identified, whether Env sequences were grouped according to the
infectious properties of viruses or their year of isolation.

We previously reported that the mean genetic diversity among the env sequences
increased gradually from HP to CP (mean genetic diversity of 8.8%, 12.4%, and 14.8%
for HP, IP, and CP, respectively) (20). To determine if this genetic evolution impacts
more specifically some amino acid residues, we used the Entropy tool from the HIV
sequence database (http://www.hiv.lanl.gov/) to compare the Shannon entropy be-
tween HP and CP Env sequences (the two most distant groups of sequences). As shown
in Fig. 6A, which represents the difference in entropy between the HP and CP Env
sequences at each position in an alignment of these two sets of sequences, negative
values were found at most positions all along the alignment, indicating a global

FIG 5 DC-SIGN binding and transfer to target cells. Comparison of DC-SIGN capture (A) and DC-mediated transfer to TZM-bl cells (B) of Env-pseudotyped viruses
derived from historical patients (HP; n � 11), intermediate patients (IP; n � 15), and contemporary patients (CP; n � 14). Raji/DC-SIGN or Raji cells (negative
control) were pulsed with each virus, whose inputs were normalized by p24 content. Samples were washed extensively to remove cell-free virions and lysed,
and cell-associated virus was assayed by p24 ELISA. Percentages of capture were calculated after subtracting nonspecific binding to Raji cells. For transfer
experiments, virus-bound Raji/DC-SIGN or Raji cells were cocultured with TZM-bl cells. Forty-eight hours later, cells were lysed and luciferase activity was
determined. Differences between viruses over calendar time were evaluated using a Jonckheere-Terpstra test. (C) Correlation between cell-free and
DC-mediated infectivities.
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FIG 6 Diversification of Env pseudotypes is associated with their increased infectious properties. (A) Plot showing the difference in Shannon entropy
between Env sequences derived from historical patients (HP; n � 11) and contemporary patients (C; n � 14) at each position in an alignment of these
two sets of sequences. (B) Midpoint-rooted maximum likelihood phylogenetic tree of full-length env sequences. The 40 full-length env sequences of the
transmitted viruses included in our study were aligned. A maximum likelihood tree was constructed using MEGA7. Env sequences from historical patients
(HP; n � 11), intermediate patients (IP; n � 15), and contemporary patients (CP; n � 14) are identified by different colors (HP in green, IP in blue, and
CP in red). Branch lengths correspond to nucleotide substitutions per site, as indicated in the scale. Correlation between env genetic distances from the
MRCA and the infection year of patients (C), the infectivity in PBMCs (D), the time to half-max entry (E), the resistance to ENF (F), TAK-779 MPIs in Affinofile
cells (G), and the resistance to M48U1 (H).

Increased Infectivity of HIV-1 Env over Time Journal of Virology

March 2019 Volume 93 Issue 6 e01171-18 jvi.asm.org 9

https://jvi.asm.org


diversification of CP sequences not restricted to specific areas. To complete this
analysis, we measured the extent of evolution of env sequences from HP to CP by
computing a maximum likelihood phylogenetic tree (Fig. 6B). The divergence repre-
sented as the genetic distance from the hypothesized most recent common ancestor
(MRCA) increased gradually according to the sampling year, with historical sequences
having the shortest distances and contemporaneous ones the longest distances from
the root (Fig. 6B and C). Not surprisingly, this indicated that the env sequences of
viruses from our study evolved over the 15-year time period. This evolution toward
increasing diversification associated with the absence of a specific sequence signature
suggested that the phenotypic changes of Env from CP resulted from multiple coevo-
lutionary amino acid changes that are probably context and host dependent. To
support this hypothesis, we explored whether phenotypic changes of Env pseudotypes
were directly correlated to genetic distances from the MRCA. A statistically significant
correlation was observed between genetic distances and most Env properties, includ-
ing infectivity in PBMCs (r � 0.444, P � 0.004) (Fig. 6D), time to half-max entry
(r � �0.328, P � 0.03) (Fig. 6E), TAK-779 MPIs in Affinofile cells (r � �0.345, P � 0.03)
(Fig. 6G), and resistance to M48U1 (r � 0.553, P � 0.0002) (Fig. 6H). Although statisti-
cally not significant, a trend was also observed for the resistance to ENF (r � 0.261,
P � 0.10) (Fig. 6F).

DISCUSSION

Following primary infection with HIV-1, the immune system exerts selective pressure
on the viral population. In particular, NAbs arise early in the course of infection, leading
to the rapid emergence of escape mutants. These NAbs constitute a major force driving
the evolution of the HIV-1 envelope glycoprotein within each infected individual (1–11).
As a possible consequence of this individual evolution, we and others reported
evidence that the envelope glycoprotein, especially the gp120 subunit, has evolved
toward increasing resistance to NAbs at a population (species) level since the start of
the epidemic (19–23). The aim of the present study was to analyze whether this
antigenic evolution is associated with the evolution of other functional properties and
has thereby affected the relationship of HIV-1 with its human host.

We evaluated the infectivity of a panel of Env-pseudotyped viruses derived from
patients infected by subtype B viruses during three periods of the epidemic (1987 to
1991, 1996 to 2000, and 2006 to 2010). The viruses from patients infected during the
most recent period were approximately 10-fold more infectious in cell culture than
viruses from patients infected at the beginning of the epidemic. This increase in
infectivity was associated with faster viral entry kinetics, with the contemporary viruses
entering the target cells approximately twice as fast as historical viruses. The changes
in cell entry efficacy over time were similar in both TZM-bl cells and CD4-enriched
mononuclear cells. Entry kinetics were not dependent on the Env content, because the
pseudotyped viruses of the three periods had similar levels of Env incorporation. The
contemporary viruses were also twice as resistant as historical viruses to enfuvirtide, a
fusion inhibitor. We were unable to find particular mutations in the HR1 domain of
gp41 (30), which might explain the increased resistance to ENF. Therefore, we evalu-
ated whether this evolution might reflect differences in the CD4/coreceptor usage
efficiency and/or in the transmission of conformational signals between receptor-
bound gp120 and gp41, triggering the refolding of gp41 into the fusion active state
(31).

The CCR5 usage efficiency was assessed indirectly by measuring the sensitivity to
CCR5 antagonists in Affinofile cells expressing high levels of CCR5. These cells were
previously shown to be the most relevant model to detect partial resistance to CCR5
antagonists (33–36). Under these conditions, the contemporary viruses were more
resistant than historical viruses to inhibition of infection by the CCR5 antagonists. This
suggests that, when expressed at high levels, a fraction of CCR5 molecules assume a
conformation that CCR5 antagonists are unable to bind but that can be more efficiently
used by contemporary than historic viruses. Another explanation would be that con-
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temporary viruses were able to use a drug-bound conformation of CCR5 more effi-
ciently that historical viruses. This coreceptor phenotype already present on cells
expressing lower levels of CCR5 would become detectable only using cells expressing
high levels of CCR5. These data were supported by a progressive increase of infectivity
from historical viruses to that from contemporary viruses in Affinofile cells expressing
high levels of CCR5. Interestingly, this evolution at the population level parallels the
evolution that occurs within HIV-1 infected individuals: transmitted/founder (T/F) Envs
were previously shown to be much more sensitive to MVC for entry into cells express-
ing high levels of CCR5 than Envs from variants present later, at the stage of chronic
infection (34, 35). These observations suggest that selective pressures led the virus to
expand its CCR5 usage capacity, but to what extend this evolution contributed to the
increase in its infectivity remains unanswered. Further characterization of the various
conformations of CCR5 expressed on CD4� CCR5� T-cell subsets that are targeted by
historical versus contemporary viruses may reveal differences in the ability of their Env
to mediate virus entry.

Contrasting with results obtained for CCR5 binding, there was no difference in CD4
binding between contemporary and historical viruses as determined by an analysis of
the sensitivity to two soluble CD4 molecules (sCD4 and sCD4-183). This contrasts with
our previous finding of a significant decrease in sensitivity to all broadly neutralizing
antibodies (bNAbs) targeting the CD4 binding site (CD4bs) over the course of the
epidemic (20, 21). Taken together, these data suggest that viruses that have been
selected under pressure of NAbs targeting the CD4bs over the course of the epidemic
may be either those not affected in their capacity to interact with the CD4 receptor or
those that acquired compensatory mutations that restored efficient use of CD4. In favor
of the second hypothesis, Lynch et al. showed recently that the VRC01 escape variants
of the HIV-1 strain infecting the patient from whom VRC01 was isolated were impaired
in their replication capacity initially but rapidly acquired compensatory mutations that
restored a full replicative fitness (43). Interestingly, in contrast to the stable sensitivity
to sCD4, we observed that resistance of our viruses to the miniCD4 protein M48U1
progressively increased over the course of the epidemic. M48U1 contains flexible
hydrophobic extensions that fit into the Phe-43 cavity. It interacts with gp120 residues
that do not contact with CD4 (38). This suggests that the evolution of HIV-1, possibly
due in part to the selective pressure exerted by CD4bs NAbs, has involved the Phe-43
cavity and has led to diminished sensitivity to M48U1.

During sexual transmission, dendritic cells of the mucosae capture HIV-1 by attach-
ment receptors, in particular, DC-SIGN, to transfer the virus to permissive CD4� T cells,
resulting in trans infection (39–42). We found no significant differences in the efficiency
of DC-SIGN capture between viruses of the three periods of our study. However, after
binding to DC-SIGN, the efficiency of virus transfer to target cells increased progres-
sively from the oldest to the most recent period. This implicates post-DC-SIGN binding
events in the evolving capacity of the viruses to infect target cells.

We tried to explore the molecular mechanisms underlying the increasing infectious
properties of the envelope glycoprotein over time, but we did not identify any
signature pattern in sequences from contemporary patients that could explain this
phenomenon. In contrast, we observed, as expected, that Env sequences diverged and
diversified over time. This genetic evolution correlated with the significant evolution of
the phenotypic properties that we noted, including infectivity, entry kinetics, and
resistance to CCR5 antagonists and to M48U1, suggesting that multiple amino acid
changes dependent on individual selective pressures are probably involved.

In conclusion, we report evidence of increased infectiousness of the envelope
glycoprotein of HIV-1 during the course of the subtype B epidemic. Our data suggest
that a greater capacity of variants to engage the CCR5 coreceptor and trigger confor-
mational changes allowing the fusion process might have contributed to this evolution,
although the details of the mechanisms involved remain to be identified.

It would be valuable to determine whether these observations hold true for other
viral populations, in particular, for viruses of other clades, and are common to the entire
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HIV-1 species. The recent papers showing that subtype C and CRF02-AG viruses also
evolved toward increasing resistance to neutralization suggests that this might be the
case (22, 23). From an evolutionary point of view, it might be surprising that escape
from bNAbs targeting conserved regions of Env likely involved in vital functions
provides a fitness advantage. One explanation would be that viruses that have been
selected under pressure of NAbs represent only a minority of escape variants that were
not affected in their fitness or that acquired compensatory mutations restoring or
increasing their fitness. In favor of this hypothesis, we previously showed that only a
minority of bNAb-resistant viruses harbored mutations in epitope key residues, sug-
gesting that other molecular determinants should be involved in resistance, maybe
without affecting vital functions (20). In addition, our findings are consistent with
analyses showing that HIV-1 virulence, measured by viral loads at set points and CD4
T-cell counts at the time of primary infection, appears to have increased over the past
three decades (24–26). HIV evolutionary models based on known viral load transmission
rates and viral load mortality relations indicate that HIV-1 evolved to maximize viru-
lence and overall transmission potential by optimizing the trade-off between transmis-
sion and mortality (44–46). We demonstrate here temporal changes in the function of
the envelope glycoprotein of HIV-1 that might have contributed to this population-
level adaptation.

MATERIALS AND METHODS
Ethics statements. National ethics committee approvals were obtained for the two ANRS cohorts-

(SEROCO: Commission Nationale de l’Informatique et des Libertés [CNIL]; PRIMO: Comité Consultatif de
Protection des Personnes dans la Recherche Biomédicale [CCPPRB] Paris-Cochin and Comité de Protec-
tion des Personnes [CPP] Ile de France III), and all patients gave written informed consent to participate
in the cohort. PBMCs were separated from the buffy coat collected from HIV-1-negative blood donors of
the regional blood transfusion center (Etablissement Français du Sang, Tours, France) according to the
ethics rules described in the official agreement (CA-PLER-2015 162).

Study population. The HIV-1 population that we studied was described previously (20). It was
derived from 40 Caucasian men having sex with men with primary infection, infected by clade B viruses
at three periods of the French epidemic: between 1987 and 1991 (historical patients [HP], enrolled in the
ANRS SEROCO cohort), 1996 and 2000 (intermediate patients [IP]), and 2006 and 2010 (contemporary
patients [CP]), these latter were enrolled in the ANRS PRIMO cohort. The estimated date of infection was
defined as the date of symptom onset minus 15 days for patients with symptomatic primary infection,
or, for asymptomatic patients, the date of the incomplete Western blot (presence of antibodies to gp160
and P24) minus 1 month or the midpoint between a negative and a positive ELISA result (47).

Production of pseudotyped viruses and analysis of their Env content. Pseudotyped viruses
expressing the Env variants representative of the viral quasispecies infecting each patient were gener-
ated from cells as previously described (20). Briefly, HIV-1 RNA was extracted from plasma using the
QIAamp viral RNA minikit (Qiagen). Full-length (gp160) env genes were amplified by nested reverse
transcriptase PCR (RT-PCR) using group M env-specific degenerated primers and cloned into the
mammalian expression vector pCI. The resulting pCI-env plasmids representing the amplified virus
populations were propagated by transformation of Electromax DH5� electrocompetent Escherichia coli
(Invitrogen). Env-pseudotyped viruses were produced by cotransfecting 3 � 106 293T cells with 4 �g of
each patient-derived pCI-env library and 8 �g of pNL4.3.LUC.R-E- (48) using FuGene-6 transfection
reagent (Promega). Viruses contained in supernatants of 293T cell cultures were harvested 72 h later,
purified by filtration (0.45-�m filter), and stored as aliquots at �80°C. For the analysis of the Env content,
supernatants of 293T cell cultures were overlaid on a 20% sucrose cushion, and viral particles were
pelleted at 87,000 � g for 1.5 h at 4°C. Viral pellets were solubilized overnight at 4°C in 100 �l of
phosphate-buffered saline (PBS) supplemented with 1% Triton X-100 and an antiprotease cocktail. p24
antigen content was determined by ELISA (INNOTEST HIV Antigen MAb; Innogenetics). The Env ELISA was
performed in Nunc Maxisorp plates (Dutscher) as previously described (49). A pool of serum samples
from 60 chronically infected patients enrolled between 1987 and 2007 in the PRIMO or SEROCO cohorts
(but different from patients selected in our study) was used for the detection of Env captured on
D7324-coated (Aalto Bioreagents Ltd., Dublin, Ireland) microplates. Dilutions of purified gp120IIIB (Ad-
vanced Bioscience Laboratories) were used to construct a standard curve.

Viral infectivity in TZM-bl cells, peripheral blood mononuclear cells, and Affinofile cells. Viral
infectivity was determined in quadruplicates in TZM-bl cells and PBMCs. Samples of 100 �l of virus stock
normalized to 100 ng of p24 were added to 100 �l of culture medium. Aliquots of 1 � 104 TZM-bl cells,
1 � 105 PBMCs (pool of PBMCs issued from 5 HIV-negative donors), or 4 � 105 Affinofile cells (ponas-
terone A treated or not, as described below) were added to viruses in the presence of 30 �g/ml
DEAE-dextran. Infection levels were determined after 48 h by measuring the luciferase activity of cell
lysates using the Bright-Glo luciferase assay (Promega) and a Centro LB 960 luminometer (Berthold
Technologies) (50).
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Enfuvirtide time-of-addition assay. To assess the entry kinetics, 8 � 103 TZM-bl cells per well were
plated the day prior to infection. Aliquots of 50 �l of pseudotyped viruses (400 50% tissue culture
infective dose [TCID50]/ml) were chilled to 4°C and added to TZM-bl cells as previously described (29).
Briefly, cells were spinoculated at 300 � g for 90 min at 4°C to enhance viral binding. Immediately
postspinoculation, cold supernatant was aspirated off and all wells were flooded with 180 �l of
prewarmed 37°C medium and transferred to a 37°C incubator. Enfuvirtide (ENF; NIBSC), 20 �l of 10 �g/ml
(final concentration, 1 �g/ml), was then added at 0, 5, 10, 20, 40, 80, or 160 min postwarming. A no-drug
control was also included to normalize percent infection. Cells were then incubated for 72 h, and
luciferase activity was measured. Three wells per virus per time point were included in each experiment,
and all Envs were examined in at least two independent experiments. Data were analyzed with Prism 6.0
(GraphPad Software, Inc.) by fitting a best-fit sigmoidal line to the results from each independent
experiment and then averaging the Hill slopes and time to half-maximal entry/fusion.

Determination of coreceptor usage. Coreceptor usage was determined using the U373 MAGI cells
stably expressing CD4 and either CCR5 (CD4�/U373/CCR5) or CXCR4 (CD4�/U373/CXCR4). Aliquots of
1.5 � 104 cells were plated the day prior to infection. Cells were infected with 25 �l of a p24 normalized
amount (25 ng) of pseudotyped viruses for 2 h at 37°C. Then, 175 �l of Dulbecco’s modified Eagle
medium (DMEM) supplemented with 20 �g/ml of DEAE-dextran and 5% fetal bovine serum (FBS) was
added; 48 h after infection, the luciferase activity was measured and the viral tropism was determined.

Inhibition of entry by enfuvirtide, CCR5 antagonists, and CD4 analogs. TZM-bl cells were
employed in duplicate experiments to assess the sensitivity of pseudotyped viruses to the fusion
inhibitor ENF (NIBSC), CCR5 antagonists MVC and TAK-779, and CD4 inhibitors sCD4, sCD4-183, and
M48U1 (L. Martin, CEA, Gif-sur-Yvette, France). Aliquots of 50 �l of pseudotyped virus stocks (400
TCID50/ml) were incubated for 1 h at 37°C with 50 �l of 3-fold serial dilutions of ENF, sCD4, sCD4-183, or
M48U1 (10 �g/ml to 0.0046 �g/ml). The virus-inhibitor mixture was then used to infect 1 � 104 TZM-bl
cells in the presence of 30 �g/ml DEAE-dextran. Infection levels were determined after 48 h by measuring
the luciferase activities of cell lysates. IC50 values were calculated as the reciprocal of the inhibitor
concentration reducing RLU values by 50%. Results are expressed as mean values from at least two
independent experiments performed in triplicates.

For MVC and TAK-779 inhibition, 8 � 103 TZM-bl cells per well were prepared the day prior to
infection. Cells were first treated for 1 h at 37°C with 150 �l of 3-fold serial dilutions of TAK-779 or MVC
(6 �M to 0.3 nM) before adding 50 �l of pseudotyped viruses (400 TCID50/ml); 100 �l of DMEM
supplemented with 30 �g/ml DEAE-dextran was then added to cells. Luciferase activity was measured
48 h after infection. CCR5 antagonist susceptibility is expressed as maximal percent inhibition (MPI) and
IC50 values. Presented values are mean values from at least two independent experiments performed in
triplicates.

To measure inhibition of entry at high concentrations of CCR5 at the cell surface, 4 � 105 Affinofile
cells were seeded in triplicates into 96-well plates (36). Ponasterone A (ponA; Invitrogen) was added 24 h
later at 8 �M to induce the expression of CCR5. The drug was removed 18 h later, and receptor densities
were quantified by fluorescence-activated cell sorting (FACS) as described below. Affinofile cells were
then treated for 1 h at 37°C with 150 �l of DMEM supplemented with 6 �M TAK-779 and 40 �g/ml
DEAE-dextran before infecting the cells with 50 �l of pseudotyped viruses (400 TCID50/ml) using
spinoculation, as described previously (34); 48 h later, the luciferase activity in cell lysates was measured.

CCR5 expression levels were checked by flow cytometry. Eighteen hours after induction with 8 �M
ponA, Affinofile cells were processed for quantitative FACS (qFACS) analysis with a phycoerythrin-
conjugated mouse anti-human CCR5 antibody (clone 2D7; BD Biosciences) as previously described (35).
Receptor expression levels were quantified with a QuantiBRITE fluorescence quantitation system (BD
Biosciences). Regression curves were generated with Prism 6.0 (GraphPad Software, Inc.), such that ponA
concentrations could be converted to cell surface concentrations of CCR5 in units of ABS/cell.

Virus capture and transfer by Raji/DC-SIGN cells. For the DC-SIGN capture experiment, 100 �l of
Raji or Raji/DC-SIGN cells (2 � 105 cells/well) were seeded in a V-bottom 96-well tissue culture plate
(Corning) by centrifugation at 300 � g for 10 min. Cells were resuspended in 100 �l containing pseu-
dotyped virus equivalent to 50 ng of p24 and incubated at 37°C for 2 h. The cells were then washed four
times with a wash buffer (ice-cold PBS, 2.5% fetal bovine serum, and 1 mM CaCl2), lysed, and assayed for
p24 content by ELISA (INNOTEST HIV Antigen MAb; Innogenetics). For the DC-SIGN transfer experiment,
washed cells were used to infect 100 �l of TZM-bl (104 cells). After 48 h, the TZM-bl cells were lysed and
luciferase activity was measured.

Sequence analysis. Full-length env sequences of the viral quasispecies infecting each patient were
previously obtained by direct sequencing bulk env PCR products using the Sanger method according to
the Dye Terminator cycle sequencing protocol (Applied Biosystems, Foster City, CA) (20).

Phylogenetic analysis of env sequences. Nucleotide sequences were aligned using CLUSTALW and
manually edited. A maximum likelihood tree was computed with MEGA7, using the GTRGAMMA model
of nucleotide substitutions with bootstrap analysis to assess branch support (1,000 replicates).

Statistical analysis. Differences between results for viruses from HP (1987 to 1991), IP (1996 to
2000), and CP (2006 to 2010) from the various assays were evaluated using a Jonckheere-Terpstra
test for trend. The Jonckheere-Terpstra trend test is a nonparametric test for ordered differences
among classes. It is used to test for differences between more than two populations when the
samples are ordered. Correlations between continuous variables were examined with the Spear-
man’s correlation test.

Data availability. All sequences have been submitted to GenBank and assigned accession numbers
KC699001 to KC699040.
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